Design and simulation of novel laparoscopic renal denervation system: a feasibility study, International Journal of Hyperthermia, 35:1, 9-18, DOI: 10.1080/02656736.2018 In this study, we propose a novel laparoscopy-based renal denervation (RDN) system for treating patients with resistant hypertension. In this feasibility study, we investigated whether our proposed surgical instrument can ablate renal nerves from outside of the renal artery safely and effectively and can overcome the depth-related limitations of the previous catheter-based system with less damage to the arterial walls. Method: We designed a looped bipolar electrosurgical instrument to be used with laparoscopy-based RDN system. The tip of instrument wraps around the renal artery and delivers the radio-frequency (RF) energy. We evaluated the thermal distribution via simulation study on a numerical model designed using histological data and validated the results by the in vitro study. Finally, to show the effectiveness of this system, we compared the performance of our system with that of catheter-based RDN system through simulations.
Design and simulation of novel laparoscopic renal denervation system: a feasibility study 
Introduction
Hypertension is a growing global public health problem due to multiple reasons, including an aging population and the rising rates of obesity [1, 2] . Approximately 10% of patients diagnosed with hypertension have resistant hypertension, which is defined as blood pressure that remains above the desired level despite treatment with three antihypertensive agents of different classes [1] and blood pressure that is controlled using more than four medications [2] . Resistant hypertension is a serious condition leading to various life-threatening clinical complications, such as heart failure, stroke, renal failure and heart disease [1, 3] . Thus, treating resistant hypertension clinically is very important for the patient's longevity and quality of life. Sympathetic nerves play an important role in long-term blood pressure regulation in humans [4, 5] . The increased sympathetic activity has been implicated as the primary precursor of hypertension in both humans and in animal models [6] . Furthermore, there is growing evidence that abnormal renal function in hypertension is due to the increased activity of renal sympathetic nerves [7] . Thus, an open surgical procedure to remove renal sympathetic nerves for treating hypertension called Sympathectomy was employed in 1930 [8] [9] [10] . Although this technique provided effective treatment, its use was discontinued because of its highly invasive nature and associated complications, such as perioperative morbidity, mortality and long-term complications [11, 12] .
Recently, a minimally invasive procedure called renal denervation (RDN) system has been developed as an effective method to remove renal nerves for treating resistant hypertension. The RDN procedure selectively removes the hyperactive renal sympathetic nerves using a radiofrequency (RF) ablation technique, thus controlling hypertension. A catheter-based RDN system, a prominent representative system for the RDN procedure, has demonstrated promising results with minimal side effects in nonrandomized studies and unblended randomised trials [13] [14] [15] . However, a recent phase-III randomized controlled trial, investigating the efficacy and safety of this procedure, have found that the catheter-based RDN is not effective and shows no improvement in outcomes of patients with resistant hypertension when compared with the outcomes of the sham procedure [16] . The primary limitation of the catheter-based RDN system, found through histopathological evaluation of the renal artery, is that the electrodes placed inside the lumen of the artery cannot deliver RF energy effectively to all the renal nerve bundles along the renal artery, especially to the nerves present beyond 2 mm from the lumen surface [17] . Since sympathetic nerves are located at a distance of 0.5-10 mm from the intima layer of the artery with approximately 31% of the nerves located between 2 and 10 mm from the lumen-intima interface [18, 19] , the catheter-based system could not deliver sufficient energy to treat the hyperactive nerves. Higher RF energy could be used to destroy these distant nerves but may severely damage the intima layer resulting in serious side effects, such as stenosis. The secondary limitation of the catheter-based approach is that it could not directly monitor the temperature rise near the renal nerves outside the artery during or after the treatment.
In the absence of effective surgical treatment for resistant hypertension, a laparoscopic approach has been proposed as an alternative method to overcome the limitations of the catheter approach [20] . According to Gerber et al. [20] , the laparoscopic approach is capable of removing nerves that are typically not removed by RF-based catheter ablation. The claim by Gerber et al. is promising, there have been no studies published to describe the surgical strategy or instrument design for the effective laparoscopy-based RDN system. In this study, for the first time, we propose a laparoscopy-based RDN system design that ablates the renal nerves from the exterior of the renal artery by wrapping it around. We demonstrate its feasibility of this system using the numerical model developed based on clinical data and validated through extensive in vitro experiments. This system demonstrates the feasibility of the effective denervation of the renal nerve present between 0.5 and 10 mm from the arterial lumen. We confirmed the superiority of our system over the catheter-based RDN system via simulations based on performance. Our results demonstrate that a practical laparoscopic system could be developed for the surgical treatment of resistant hypertension.
Methods
Proposed surgical system of laparoscopy-based RDN Our surgical RF ablation plan is shown in Figure 1 . The tissues surrounding the renal artery is excised from the dorsal side through trocars to expose the renal artery to allow easy access for the surgical instruments to perform RF ablation. The retroperitoneal approach using three trocars is minimally invasive and reduces the likelihood of complications because there is no peritoneal violation is involved.
Our surgical tip design objectives were threefold: (1) to completely remove renal sympathetic nerves without damaging the renal artery, (2) to minimize the damage to the surrounding tissues by focusing RF heating within the contour of the wrapped electrode, and (3) to be flexible enough to adapt to different renal artery sizes. Figure 2 shows the conceptual design of the proposed surgical instrument with a looped electrode that meets the desired design objectives. To localize the heating proximal to the electrodes, the tip structure was configured to be bipolar, wherein both electrodes were placed side by side. The RF current, which flows between the electrodes, rapidly attenuates as the distance of the tissue from the electrodes increases. To completely remove renal nerves distributed around the artery, the electrode, which is the end part of the surgical instrument, was designed to wrap around the renal artery such that RF energy is delivered to completely remove sympathetic nerves distributed around the artery. As shown in Figure 2 , a strip of highly conductive elastic material was placed under the electrodes. Due to its elasticity, the tip remains flat within the case of the surgical instrument while entering the body and starts to wrap around the artery when the tip is pushed out of the case at the surgical site. This elastic strip also allows the tip to fit to different sizes of the renal artery. In addition, the strip is made of highly conductive material to reduce the RF field radiating to the posterior part of the electrode due to the electromagnetic shielding effect of electrically high conductive materials [21] . Therefore, with the metal strip, RF energy in the rear side of the electrode is minimized preventing any damage to the normal tissues at the site.
Computational modelling

Tissue modelling
In our previous study, we analyzed the anatomical distribution of sympathetic nerve fibers around the renal artery using the nephrectomy tissues from humans. We showed that approximately 31% of the renal sympathetic nerves are located beyond 2 mm from the arterial lumen [19] . To reflect our previous findings in tissue modelling, we developed a realistic three-dimensional (3D) numerical model based on the thinnest of the 174 tissue slides obtained at 40 lm intervals, from a representative tissue. Then, we developed a simplified simulation model shown in Figure 3 (b). In this model, the renal artery diameter was 5 mm, the lumen diameter was 2 mm, and the thickness of the blood vessel wall was 1.5 mm. The four renal sympathetic nerves were modelled at 2 mm, 2.5 mm, 3 mm, and 3.5 mm because 90% of the nerve fibers are located within 4 mm from the luminal surface of the renal artery, based on our histological studies. In addition, to verify the RF field radiating to the outside of the surgical tip, a renal vein located posterior to the renal artery was modelled with an outer wall diameter of 10 mm, lumen diameter of 8.6 mm, and wall thickness of 0.7 mm [22] .
The surrounding tissue environment was modelled in two cases depending on the surgical approach. For the laparoscopybased RDN system shown in Figure 4 (a), the tissues between the artery and electrodes were assigned as fat and nerves and the surrounding environment outside the surgical instrument was assigned gaseous CO 2 , which is commonly used in laparoscopic surgeries; because the perinephric fat and Gerota's fascia enclosing the kidney need to be incised via a laparoscopic surgical approach. For the catheter-based RDN system shown in Figure 4 (b), the surrounding tissue was modelled as fat to represent the catheter-based procedure. Table 1 lists the properties of the materials included in the simulation.
RF ablation tip modelling
The proposed RF ablation tip was simulated for RF energy and resulting heat distribution using the Sim4life computational electromagnetic analysis software. The gap between the bipolar electrodes was 2 mm, the width of the highly conductive metal strip was 3 mm, and the total width of the tip was 5 mm such that the surgical device can be inserted through the 5 mm trocar that is commonly used in a laparoscopic procedure. While performing simulations, all conductive materials were assigned as stainless steel and insulation materials were assigned as polyimide.
To compare the safety and efficacy between the catheterand laparoscopy-based systems, a simplified 6 F catheterbased Symplicity Flex (Medtronic, Santa Rosa, CA, USA) with an outer diameter of 2 mm and an inner diameter of 1.8 mm was modelled [23] .
Numerical simulation setup
Computational calculation of the temperature distribution around the electrodes and tissues during RF injection was performed using Sim4life V3.4 software (ZMT, Zurich, Switzerland). Sim4life is a simulation platform that provides computational human phantoms with multi-physics solvers and advanced tissue models. The multiphysics solvers include the full electromagnetic wave, quasi-static electromagnetic and thermodynamic solvers. This tool is useful for developing novel devices, optimizing design parameters, increasing the knowledge regarding energy delivery and determining induced heating [24] .
Computation of electric fields
The frequency of the source RF current was 1 MHz, which is considerably less than the resonant frequency of 100 MHz, as shown in Figure 5 . Quasi-static electromagnetic solver was used to calculate low-frequency electromagnetic problems [25] with the following equation:
whereẽ is the complex electric permittivity and Ø is a scalar potential. The electromagnetic field was recorded to use as a heat source for the thermal simulations. 
Temperature distribution computation
The temperature changes in the tissues during RF ablation were calculated using the following Pennes bioheat Equation (2), which has been extensively used to solve computational bio-electromagnetic problems since its introduction [26] .
where q is the material density, c is the specific heat capacity, T is the tissue temperature, k is the thermal conductivity, Q is the metabolic heat generation rate, S is the specific absorption rate, and x is the perfusion rate. The term 'q b c b qw' is sometimes referred as the heat-transfer rate (HR). The perfusion rate of blood was set at 10,000 ml/min/kg [27] to examine the blood cooling effect according to the blood perfusion rate.
Experimental validation setup
To validate the numerical simulation technique of the RF ablation device, in vitro experiments were conducted, and the results were extensively compared with the results of the simulations performed under the same conditions. For the in vitro experiments, we constructed a prototype tip and evaluated the heating effects of the tip at nine measurement points. The experimental system for delivering RF energy to the device and measuring the temperature profile during RF injection is shown in Figure 6 . The system comprised an RF generator (Tektronix, AFG3101), RF amplifier (Minicircuit, LZY-22þ), power sensor (Keysight, U2004A), and directional coupler (Minicircuit, ZABDC50-150HPþ). The system was controlled by the LabVIEW 2013 software. The prototype tip comprised three layers: a metal strip, insulation and two electrodes placed 2 mm apart to support bipolar mode. Stainless steel 304 (SUS304) was used for the construction of the electrodes and metal strip for RF blocking, and the plate was insulated using a polyimide film. The tip was 24 mm Â 110 mm, and the electrodes were 2 mm Â 100 mm (Figure 7(a) ).
The experiment was conducted with 6 L gel mixed with polyacrylic acid and NaCl in a 160 mm Â 430 mm Â 170 mm acrylic water tank. The gel had two conductivity settings as shown in Table 1 : 0.23 S/m (setting 1) and 0.65 S/m (setting 2). The conductivities of the gels reflected those of the blood vessel walls and blood, respectively, because they are affected thermally during RDN. Dielectric properties of gels were measured by a network analyzer (Keysight, E5061B). The input power was switched on for 6 min [28] and then off for 1 min at 1 MHz. The source was connected to the electrode via a coaxial cable.
Temperature distribution near the prototype tip was measured using a fiber optic thermometry system (Luxtron, m600), which can minimize the potential electromagnetic interference (Figure 7(b) ). Temperature probes were fixed at the openings in the temperature probe holder that was fabricated using a 3 D printer (3 D Systems, Project MJP 2500). The spacing between openings was 10 mm along the x-axis and 2.5 mm along both y-and z-axes to facilitate the measurement at different locations. The fixture holding temperature probe kept the temperature sensors in position relative to the electrodes for simultaneous temperature measurement. The experimental protocol is shown in Figure 8 . The measurements were repeated six times for each gel setting in the three axial directions, thus resulting in 36 measurements. The electromagnetic simulations were performed with the same initial parameters as in the experiments. The temperature data of both the simulation and validation experiments were normalised by the difference between the initial and average temperatures during the last 60 s of the poweron period.
Results
In this section, we validated the numerical model via in vitro studies by comparing the simulated heating results of the simplified surgical device tip with the measured results under the same condition in vitro. We then use this validated model to conduct extensive simulation studies for our prosed laparoscopy-based RDN tip design with the simplified anatomical phantom that was constructed based on histological analysis.
Simulation method validation
The simulated temperature distribution around the prototype tip is shown in Figure 9 . The temporal temperature data in the simulation results were extracted at the same points measured in the in vitro experiment. The similarity of thermal patterns during RF ablation between the extracted temperature in the simulations and the measured temperature in the in vitro studies for settings 1 and 2 are shown in Figure 10 . The error bars denote ±2 standard deviations for each 60 s time interval, indicating a 95% confidence interval for the repeated experimental temperature measurements. In Table 2 , time constants (s), average standard deviation (SD) and error values (E), calculated as the maximum differences between the experimental and simulation results, and maximum error (Max E) are presented for both the settings. The simulation results were within 95% confidence intervals of the experimental results during the RF injection. The average standard deviation was 0.0312, and the average error was 2.7%, indicating that the simulation results reflected the actual temperatures observed during experiments.
These validation results confirmed the excellent agreement between the simulation and experimental results except for a few discrepancies. These discrepancies arose between simulation and in vitro experiments due to the differences in placement of the temperature probe between simulation and in vitro experiments. The simulation results were based on the temperatures at the center of each opening. However, the temperature probe location could not be fixed in the in vitro because the diameter of the temperature probe holder (1.2 mm) was larger than that of the temperature probe diameter (0.6 mm). Figure 11 shows the best heat matching results when the simulation results were obtained with the probe moving across the probe holder along the yaxis. With setting 1, the average error decreased from 2.9% to 1.9%, and with setting 2, the error decreased from 3.7% to 2.8%. These results confirm that the source of discrepancies between the simulations and the in vitro experiments mainly arose due to the differences in the placement of the probe and not due to any other fundamental reasons, thus confirming the credibility of the simulation results.
Heat effect on biological tissues
In vitro experiment results confirmed the validity of our numerical simulation technique and we used this numerical technique to simulate the proposed device design in a simplified in vivo setting. We performed the thermal simulation on an anatomical phantom for 120 s to obtain the heating pattern distribution within the phantom using our design. The temperature distributions are shown in Figures 12  and 13 . Figure 12 shows the normalized thermal distribution in tissues with the laparoscopy-based and catheter-based surgical instruments, where the edge of the red block is the luminal surface and the edge of the blue block is the outer surface of arterial wall. With the laparoscopy-based RDN device, the temperature decreased to approximately 50% of the peak temperature at the outer wall and to 30% of the peak at the luminal surface (Figure 12(c) ). With the catheter- Figure 9 . The temperature distribution in the prototype tip model. The model includes the surgical tip and gel. It was normalized with min-max scaling. The temporal temperature profiles were extracted at the same position where the temperature was measured in the experiment marked with white dots (X1, X2, X3, Y1, Y2,  Y3, Z1, Z2, Z3) . based RDN device, the temperatures at outer surface and luminal surface of arterial wall were up to 95% and 85% of the peak temperature, respectively, despite the cooling effect of the blood flow as shown in Figure 12(d) . When the temperature of the cell increases above 45 C-50 C, protein breakdown occurs, resulting in cell necrosis [29] . Based on the simulation results obtained with the assumption that the peak temperature generated at the electrode was 60 C, we found that for the laparoscopy-based device the temperature increased to 48 C-58 C at the sympathetic nerves, to 41.6 C at the outer wall of the artery and to 39. 3 C at the inner wall of the artery. For the catheter-based device, under similar conditions, the temperature increased to 46 C-54 C at the renal sympathetic nerve, to 58.9 C at the outer wall of the artery, and to 56.6 C at the inner wall of the artery. We found that the both laparoscopic and catheter-based RDN may result in necrosis at the nerve since the temperature rise for both cases are more than 45 C. However, the results suggests that the laparoscopy-based system is safer since the temperature at the inner wall is lower than 45 C, while the catheter-based system could cause serious damage to inner walls, which results in serious side effects such as stenosis, since the temperature rise is more than 45 C. Thus, our simulation results clearly show that the laparoscopy-based approach would be safer while effectively eliminating the renal sympathetic nerves. Figure 13 shows the temperature distribution as a function of blood perfusion rate for perfusion rates of 10,000, 5000, and 0 ml/min/kg. As shown in the graph, the temperature inside the artery decreased as the blood perfusion rate increased, resulting in the blood cooling effect. Thus, the lumen inside the artery receives drastically reduced heat from the bipolar electrode located outside the artery.
In the real laparoscopic surgery, the fat surrounding the renal artery are removed, the artery is exposed to allow the wrapping of the renal artery by the surgical tip, and renal vein locates very close to the artery. We modelled the renal vein, which is located posterior to the surgical tip, to examine the effects of heat radiation to the surrounding anatomy. Figure 14 plots the temperature at the renal vein with and without the insertion of metal strip that is posterior to the instrument. The normalized graph demonstrates that the temperature at the vein was slightly elevated without the metal strip while using our device, and thus, safety can be enhanced by reducing the heat radiated to the rear side of the instrument.
Discussion
In this study, we showed proof of concept of a newly designed laparoscopy-based RDN system through simulation study and validation experiments. The high level of agreement between measured and simulated thermal results confirm our findings. Simulation results confirmed that the laparoscopy-based system can address the limitations of the catheter-based system in treating hypertension. The results of numerical simulations showed that heat distributions induced by the electric fields are always greater in regions closer to the electrodes. In addition, blood perfusion inside the arteries causes a cooling effect resulting in significantly reduced harmful effects compared to the catheter-based approach. Thus, the laparoscopy-based RDN approach, which includes placing the electrodes directly on the nerve outside the artery, can remove the renal nerves more safely and effectively than the catheterbased RDN approach, which includes positioning the electrodes inside the artery. The laparoscopic RDN system has other advantages due to access from the outside of the artery. First, by wrapping the renal arteries completely by a surgical tip, the renal nerves can be completely removed regardless of the distance. Second, by inserting the thermometer into the surgical instruments, the temperature rise in the nerves positioned outside the arteries can be monitored during the procedure allowing stable control and ensuring safety and efficacy.
The main limitation of our study, however, is that we established the feasibility of our design mainly via simulation and in vitro studies. In the real-world environment, the behavior of the system could be very different from these simulation results. Thus, as a next step of verification that is closer to the real-world environment, we plan to conduct our study on an animal surgical model as well as ex vivo model along with histological examination to confirm RDN effectiveness and safety of surrounding tissue.
This laparoscopy-based method can change the paradigm of hypertension treatment, and it can also be extended for treating many other diseases caused by abnormalities of the central nervous system, such as sleep apnea, depression and heart diseases. In addition, secondary complications could be prevented through improved primary treatment [1, 2, [30] [31] [32] [33] . When our laparoscopic surgical instrument is developed, it could be applied to the robotic surgical system to establish less invasive and more accurate RDN method. Thus, the development of this novel laparoscopy-based RDN procedure can be significantly beneficial for a wide variety of patient populations.
Conclusions
In this study, we proposed a novel laparoscopy-based electrosurgical RDN device for resistant hypertension treatment. The thermal distributions induced by this new surgical instrument was evaluated and compared with catheter-based RDN system using simulation method. The simulation results showed that our device is safer and more effective than the existing catheter-based systems. Our approach, is effective in blocking the sympathetic nerves located even beyond 2 mm from the luminal surface, which are otherwise left untreated by previous catheter-based RDN system. Our in vitro experimental results validated the simulation results. Going forward, we will conduct our study on an animal surgical model along with histological examination to confirm RDN effectiveness and safety of surrounding tissue. The success of this system will ultimately provide a safe and effective treatment for resistant hypertension and may also contribute toward the treatment of refractory heart disease, and arterial fibrillation.
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